We present a new activation method based on the 19 F(n,2n) 18 F reaction using fast neutrons produced by a p(19 MeV) + Be accelerator-driven fast neutron source providing continuous neutron spectrum up to 17 MeV with a neutron fluence rate of approximately 9 × 10 10 cm −2 s −1 at a 12-µA proton beam current. We describe elimination of interferences in measurement of 18 F, a pure positron emitter with T 1/2 = 1.83 h. We present results of fluorine determination for several biological and environmental reference materials with the new procedure and compare them with those achieved by other methods in terms of limits of detection, accuracy and precision, where available.
Introduction
Fluorine, namely in the form of fluoride, is an essential element for mammals, but its elevated levels exhibit toxicity that has a wide spectrum of clinical manifestations, the most severe being grouped under the term fluorosis [1] . The most significant sources of environmental exposure to fluoride are weathering and dissolution of minerals, emissions from volcanoes and marine aerosols [2] . The major occupational exposure sources involve aluminium smelting processes and combustion of fossil fuels, especially coal with a high fluorine content [1, 2] . Therefore, reliable analytical methods are required to monitor fluorine levels in the environment. Several analytical techniques have been used for the fluorine determination in solid biological and environmental matrices: (1) "wet" methods-ion selective electrode [3] , gas chromatography-mass spectrometry [4] , total reflection X-ray fluorescence (TR-XRF) spectrometry [5] after performing appropriate extraction steps, which may suffer from contamination or the loss of fluorine on sample decomposition [6] ; (2) direct solid analysis-XRF [7] and recently developed high-resolution continuum source graphite furnace molecular absorption spectrometry (HR-CS GF MAS) [8] [9] [10] . It is obvious that HR-CS GF MAS is a new technique, which is not yet well explored, and which will require a lot more research to be well understood [8] . The third category of methods comprises nuclear analytical methods (NAM), such as instrumental neutron and photon activation analysis (INAA and IPAA, respectively) and proton induced gamma-ray emission (PIGE). The analytical and interference nuclear reactions, and possibilities of the individual NAM have already been discussed in our previous work [11] and by Krausová et al. [12] . Briefly, INAA suffers from interference reactions on the elements Na and O, and moreover, a high activity of 28 Al in most sample types allows the fluorine assay only at levels exceeding several tenths of percent. IPAA needs optimization of the photon energy and irradiation-decay-counting times to eliminate the formation of other positron emitters. The detection limits in rock and coal samples in the range of 10-100 µg g −1 were reported [12] . PIGE is an interference-free method allowing non-destructive fluorine determination at the µg g −1 level. However, it is a surface analysis method due to low penetration of protons and therefore requires perfect sample homogeneity. PAA with radiochemical separation (RPAA) provided a low fluorine limit of detection (LOD) of 0.5 µg g −1 in a variety of biological and environmental samples [11] .
Here we present a new activation method based on the 19 F(n,2n) 18 F reaction using fast neutrons produced by a p(19 MeV) + Be accelerator-driven fast neutron source installed at our U-120M cyclotron employing the 9 Be(p,n) 9 B nuclear reaction. The U-120M cyclotron is operated by the Laboratory of Cyclotron and Fast Neutron Generators (LC & FNG) of the Nuclear Physics Institute (NPI) and its parameters can be found in Ref. [13] . The source produces "white" neutron spectrum with a neutron fluence rate of approximately 9 × 10 10 cm −2 s −1 at a 12-µA proton beam current. We discuss elimination of interferences in measurement of the 511 keV annihilation radiation of 18 F, a pure positron emitter with T 1/2 = 1.83 h. We demonstrate the usefulness of the new method by fluorine determination in several biological and environmental reference materials and compare the results achieved in terms of limit of LOD, accuracy and precision with those of other methods.
Accelerator-driven sources of fast neutrons (ADSFN)
There are several nuclear reactions that can be used for the production of fast neutrons in accelerator driven sources, namely using proton and deuteron induced reactions on beryllium, deuterium, and lithium targets, which are summarized in Table 1 .
In our work, we selected the 9 Be(p, n) 9 B nuclear reaction, because it provides continuous (white) spectrum of fast neutrons with a well defined maximal neutron energy E n (max) = E p − RE (MeV), where E p is the energy of incident protons and RE is the reaction energy, as illustrated in Fig. 1 .
Experimental

Samples and calibrators
Samples of the following reference materials (RM), certified reference materials (CRM), and standard reference materials (SRM-in case of materials produced by U.S. NIST) Bone Meal NIST SRM 1486, Bovine Muscle NIST RM 8414, IAEA RM Soil 7, and Polish CRM CTA-FFA-1 Fine Fly Ash with mass of about 150 mg were pelletized (pellets were about 2 mm thick) and sealed into 20-mm diameter disk shaped polyethylene (PE) capsules, which were made by heat-sealing of two PE foils (thickness 0.2 mm) cleaned by leaching in dilute (1:5) nitric acid prior to use. Calibrators containing 981 ± 3 µg of F were prepared by evaporation of 100 µL aliquots of a KF solution in the PE capsules.
Irradiation
Irradiation of a batch of 3 samples sandwiched with 4 calibrators was carried out for 2 h at the 19 MeV external proton beam of the U-120M cyclotron of NPI furnished with a 8-mm thick Be target cooled with circulating ethanol chilled at 5 °C. The samples and calibrators were arranged into a column, which was inserted in a 0.1-mm thin PE bag and heat-sealed. The PE bag with the column of samples and calibrators was fixed using Scotch tape in the hole of an Al sample holder (cf. Fig. 2 ), which was placed 1.5 cm from the Be target. The fast neutron fluence rate was approximately 9 × 10 10 cm −2 s −1 at a 12-µA proton beam current in the 1.5-cm distance from the Be target and 1 3
dropped with the distance from the target as depicted in Fig. 3 . Irradiation is stopped by switching off the proton beam and the batch of samples and calibrators is removed from the sample holder and the PE bag after a decay time of 5 min using tweezers, and the samples and calibrators are taken for gamma-ray spectrometry measurement. Then, a new batch of samples and calibrators can be placed in the sample holder for next irradiation run.
Counting and elimination of interferences
The 511 keV gamma line of 18 F was measured for 20 min after a decay time ranging from 2 to 4 h in a distance 1-2 cm from a coaxial HPGe detector with relative efficiency of 77% and FWHM resolution of 1.95 keV (both for the 1332.4 photons of 60 Co). The detector was coupled to a Canberra Genie computer controlled gamma-ray spectrometer through a chain of associated linear electronics. A Canberra 599 Loss Free Counting module was used to correct variable count-rate and dead time. The measured gamma-ray spectra were evaluated with the use of Canberra Genie 2000 software. Measurement of the non-specific 511 keV gamma-line of 18 F is interfered by other positron emitters and those radionuclides, which emit gamma-rays with energies greater than 1022 keV due to the pair production. The analytical and interfering radionuclides produced by nuclear reactions with fast neutrons, and their nuclear parameters are listed in Table 2 (only for radionuclides with T 1/2 > 5 min) together with possibilities of the interference eliminations. The most severe interferences are due to pure positron emitters 11 C and 13 N, because the target nuclei contents in biological and environmental samples is frequently unknown and high activities of the resulting radionuclides can be produced by irradiation with fast neutrons. Moreover, the samples (and calibrators) should be repacked into non-irradiated containers for counting to eliminate the 11 C activity created from the PE capsules. The 11 C formation was eliminated by employing 19 MeV protons for bombardment of the Be target that guarantees that the energy of neutrons obtained did not exceed the threshold energy of 20.2 MeV for the 12 C(n,2n) 11 C reaction. However, the 13 N formation could not be prevented in this way, because the threshold of the 14 N(n,2n) 13 N reaction is similarly low as that of the 19 F(n,2n) 18 F analytical reaction (cf. Fig. 4) . Thus, the elimination of the 13 N activity could only be achieved by employing a sufficiently long decay time. The contribution of other 511.0 keV emitters that also emit characteristic γ-rays was calculated from the ratio of the 511.0 keV peak area to that of the characteristic γ-ray of a particular radionuclide (correction factor defined by Eq. 1) (1) CF i = PA 511 keV i ∕ PA Eγ,char i where PA is peak area. The CF i had to be determined in separate measurements of neutron irradiated substances, which were counted using the same detector and counting geometry as for measurement of 18 F. The CFs are additive in the case of the same counting time for all samples and mostly do not significantly increase the uncertainty of fluorine results. The only problem could be a correction from the 64 Cu contribution [due to the 64 Zn(n,p) 64 Cu reaction], because the ratio of the characteristic 1345.8 keV γ-rays to 511.0 keV γ-rays of 64 Cu is unfavourable due to the respective emission probabilities of 0.48% and 35.2%. Thus the accuracy of fluorine determination in zinc rich materials might be hampered (not encountered in this study).
Results and discussion
Examples of gamma-ray spectra of samples with least (NIST RM 8414 Bovine Muscle) and most (CRM CTA FFA-1 Fine Fly Ash) interferences on fluorine determination by the method developed are shown in Figs. 5 and 6 , respectively. Figure 5 shows quite distinct 18 F peak (+ interference gamma-lines) on a low background, which is almost as low, as the natural background. On the other hand, Fig. 6 illustrates that even on significantly elevated background due to high activities of 24 Na and 56 Mn, the 18 F peak (+ interference contributions) is well identifiable and quantifiable. It should be mentioned that the activities of 24 Na and 56 Mn and several other radionuclides originate not only from reactions with fast neutron, but also stem from activation with a fraction of scattered, thermalized neutrons, which are always present around the accelerator driven fast neutron sources. A fluence rate of thermal neutrons usually amounts to about 1% of the fast neutron fluence rate.
Results of fluorine determination in the samples analyzed are summarized in Table 3 as average values ± standard deviations (x ± s) calculated from 3 independent analyses. These values are compared with certified or information values and with other literature values where available. The only exception is NIST RM 8414 Bovine Muscle, for which highly disparate values were obtained and therefore no attempt was made to evaluate a mean value. All values measured in this reference material are significantly higher, by two orders of magnitude, compared to the NIST information value of 0.22 µg g −1 [17] that was determined using an ion selective electrode method, which measures mobile fluorine, more exactly fluoride. During the preparation of this RM, milling in a Teflon ball mill was used, which resulted in massive, inhomogeneous contamination with fluorine due to the Teflon abrasion. Therefore, the fluorine information value can be considered misleading, if analytical methods capable of measurement the total fluorine content are used, as in our work. Results of this work also corroborate our previous results achieved by PIGE and RPAA [11] and results obtained by IPAA [12] . There is also lack of information on the fluorine content in IAEA RM Soil 7, because only two values of 343.8 µg g −1 and 618.3 µg g −1 were obtained in an IAEA organized intercomparison [20] and a single value of 471 ± 31 µg g −1 was determined by PIGE [11] , which agree with our results.
For other SRM and CRM our results compare well with reference values available, thus proving the accuracy of our method. Typical relative uncertainties of single fluorine determination by the reported method after performing all necessary corrections are 2-3% for biological materials and 3-4% for environmental materials. LODs calculated according to the 3 σ criterion are in the range of 5-15 µg g −1 for the former materials and 20-25 µg g −1 for the latter materials. These LOD values are lower compared to those of the INAA and IPAA methods, similar to those of the PIGE method, but, on the other hand, higher compared to the RPAA procedure, in which a value of 0.5 µg g −1 was achieved [11] . There are, however, two possibilities to decrease the LOD of our new method. The first one is based on a radiochemical separation of activated 18 F, which is under development. The second one will be achieved after a more powerful accelerator driven source of fast neutrons (ADSFN) is installed at a new TR-24 cyclotron of NPI, where a proton beam current up to 300 µA will be available [22] (presumably at the beginning of 2020). An attempt will also be done to improve the sample irradiation environment by absorbing scattered slow neutrons. This can be achieved, e.g., by surrounding the samples and calibrators by a thin Cd foil, except from the neutron beam side. Of course, a contribution from the neutron thermalization within the sample itself (depending on its composition) and PE capsules cannot be avoided.
Conclusions
The new INAA method for reliable fluorine assay in biological and environmental samples at mg kg −1 level using ADFNS has been developed that extends the possibilities of so far available NAM and other methods for determination of the total element content. The results achieved also suggest that this type of fast neutron sources should be considered as a useful supplement to nuclear reactors for NAA, and that their role may further increase taking into consideration that the number of experimental reactors is not increasing worldwide at present, contrary to accelerator facilities. The use of ADFNS is not limited to fluorine determination, because it appears that several other elements can be assayed using activation with fast neutrons. Examples are Si determination using the 29 Si(n,p) 29 Al reaction, phosphorus determination using the 31 P(n,p) 31 S reaction, nickel determination using the 58 Ni(n,p) 58 Co reaction, yttrium determination using the 89 Y(n,p) 89 Sr reaction, niobium determination using the 93 Nb(n,2n) 92m Nb reaction, iodine determination employing the 127 I(n,2n) 126 I reaction, just to mention the most attractive and important cases. All the above fast neutron activation products emit characteristic gamma-lines, so that no corrections are needed like in the case of measurement of the pure positron emitter 18 F. The fast neutron fluence rates provided by ADFNS, such as that one being built at NPI at cyclotron TR-24 exceed those available in most experimental nuclear reactors dedicated to NAA, which will further increase advantages of NAA using these prospective neutron sources. 
